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A newly  developed  technique  for  measuring  in-plane  crack  tip 
displacements  and  strains  has  been  applied  to  the  ongoing  study  of 
the  effect  of  a water  vapor  environment  on  fatigue  crack  propagation 
in  low-carbon  steel.  This  stereoimaging  technique  allows  the  de- 
termination of  the  in-plane  displacements  with  both  high  resolution 
and  accuracy  at  numerous  points  in  the  near  crack  tip  region.  From 
these  displacements  the  in-plane  elements  of  the  strain  tensor  and 
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The  principal  effect  of  a water  vapor  environment  on  crack 
tip  plasticity  is  that  it  causes  a decrease  in  strain  magnitude 
which  the  material  at  the  crack  tip  supports,  corroborating  pre- 
vious results  derived  from  the  measurement  of  subgrain  size 
distribution. 


Information  on  the  effect  of  environment  on  crack  opening 
loads  and  on  the  "compressive  displacements"  at  the  tip  of  the 
unloaded  crack  are  also  given,  as  are  some  preliminary  results 
on  the  interrelationships  between  loading  frequency,  environment 
and  crack  propagation  rate.  j 
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FATIGUE  CRACK  TIP  STRAIN  RANGE  MEASUREMENTS  IN  LOW-CARBON  STEEL  BY  THE 
STEREOIMAGING  TECHNIQUE  AND  THEIR  ALTERATION  BY  WATER  VAPOR 


Introduction 


A number  of  factors  affect  the  rate  of  propagation  of  a fatigue 
crack  at  a constant  value  of  cyclic  stress  intensity,  one  of  the  most 
Important  of  which  is  environment.  Previously,  Davidson  and  Lankford 
have  studied  the  effect  of  environment  on  fatigue  crack  propagation  rates 
in  low-carbon  steel  by  using  the  propensity  of  this  material  to  form  sub- 
grains; subgrain  size  may  be  used  as  an  indicator  of  the  stresses  and 
strains  experienced  by  the  material  as  the  crack  was  passing  through,  and 
to  measure  the  energy  expended  in  causing  the  crack  to  advance. (D  This 
report  will  present  preliminary  results  on  the  use  of  a new  technique 
which  has  been  devised  for  the  measurement  of  strains  in  the  near  vicinity 
of  a crack  tip  and  will  correlate  these  measurements  with  previously  re- 
ported values. 

It  must  be  emphasized  that  these  are  preliminary  findings  which 
result  from  the  application  of  a new  technique  to  the  questions  related 
to  environmentally  assisted  fatigue  crack  propagation.  One  goal  of  the 
next  several  years  of  effort  in  this  investigation  will  be  to  quantify 
crack  tip  deformation  parameters  to  the  point  where  it  becomes  clear 
whether  or  not  the  effects  of  the  environment  are  surface  effects  at  the 
crack  tip  or  bulk  material  effects  in  the  near  crack  tip  region. 

The  Stereoimaging  Technique 

Visualization 


A method  has  been  devised  to  measure  strains  in  the  near 
crack  tip  region  which  uses  the  ability  of  the  human  visual  system  (eye- 
brain)  to  see  in  three  dimensions  (stereopsis) . Stereopsis  results  from 
the  ability  of  the  visual  system  to  compare  two  images  of  the  same  object 
and,  with  very  high  resolution,  determine  the  disparities  existing  be- 
tween them (2)  Thus,  by  comparing  photographs  of  a crack  tip  taken  in 
two  different  loading  states  in  a stereoscope,  the  displacements  may  be 
visualized.  An  example  of  this  effect  may  be  seen  in  Fig.  1. 

Stereopsis  exists  only  along  the  axis  of  the  eyes;  thus, 
differences  in  the  photographs  may  be  visualized  in  only  one  direction 
at  a time.  Since  cracks  generally  result  in  the  formation  of  triaxial 
strain  fields,  it  is  necessary  to  view  the  photographs  twice,  once  with 
the  loading  direction  parallel  to  the  eye  axis,  and  once  with  the  loading 
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tip  displacements  may  be  visualized. 


direction  perpendicular  to  the  eye  axis.  The  photographs  can  also  be 
rotated  for  the  determination  of  the  direction  of  maximum  displacement. 

When  the  two  photographs  are  viewed  stereoscopically  with 
the  crack  entering  from  the  top  and  with  the  photograph  made  at  the 
lower  load  on  the  left,  the  following  will  be  seen:  the  material  to 
the  right  of  the  crack  will  appear  lower  and  that  to  the  left  of  the  crack 
will  appear  higher.  This  means  that  the  material  to  the  right  of  the 
crack  has  moved  to  the  right,  and  the  material  to  the  left  of  the  crack 
has  moved  to  the  left  relative  to  material  ahead  of  the  crack.  Note  that 
the  displacements  belnR  visualized  are  in-plane  displacements  and  not  dis- 
placements in  the  z-axis.  Since  these  photographs  are  made  at  the  same 
angle  of  tilt,  the  out-of-plane  displacements  cannot  be  detected. 

Quantification 

The  quantification  of  displacements  which  have  been  visualized 
is  made  using  the  techniques  of  aerial  map  making,  or  photogramme try . In 
this  procedure,  the  distance  between  the  same  point,  as  found  on  the  two 
photographs,  is  accurately  measured  using  an  accurate  ruler,  or  "parallax 
bar."  This  may  either  take  the  form  of  a micrometer  type  scale  in  the 
simplest  case,  or,  as  is  typical  for  most  photogramme try  instruments,  a 
device  which  accurately  measures  changes  in  optical  path  length  as  the 
eyes  bring  a point  into  coincidence  stereoptically . Thus,  the  distance 
apart  of  any  point  on  the  photographs  may  be  measured.  By  choosing  one 
point  ahead  of  the  crack  tip,  and  as  far  from  it  as  possible,  as  the 
reference  point,  the  displacements  relative  to  this  point  may  be  determined, 
as  is  shown  schematically  in  Fig.  2.  This  figure  also  shows  the  coordinate 
system  established  as  a reference  in  reduction  of  data.  Diagrams  of  the 
displacements  measured  from  the  photographs  of  Fig.  1 are  given  in  Figs.  3a 
and  3b . 


Calculation  of  Strains 


Engineering  strain,  or  Lagrangian  strain,  is  defined  as  the 
change  in  length  per  unit  of  original  length.  Thus,  by  passing  a curve 
through  the  displacement,  Dxj,  measured  in  the  Xj  direction  and  dif- 
ferentiating that  curve,  the  strain 
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may  be  determined.  Thus,  the  following  strain  values  may  be  derived: 


e = dDx  , * = dDy 

xx  dx  yy  dy  xy  dy  yx  dx 


These  strain  values,  therefore,  give  the  elements  of  the  strain  tensor 
for  any  point  x,  y in  the  field  of  the  photographs. 


D IS  PLACE IV£NT 


Figure  3a.  Displacement  diagram  upon  going  from  K = 2 MN/rn^/^  to  K 
13  MN/m3/2#  The  area  shown  is  the  same  as  in  Fig.  1. 
Loading  was  along  + x. 
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The  Effect  of  Environment 


Typical  photographs  for  crack  propagation  in  wet  air  (100%  RH)  are 
shown  in  Fig.  4;  the  other  conditions  are  exactly  the  same  as  for  the 
photographs  of  Fig.  1.  The  crack  propagated  in  a dry  environment  (vacuum) 
meanders,  and  experimentally  it  has  not  been  possible  to  obtain  a portion 
of  straight  crack  perpendicular  to  the  loading  axis  for  analysis.  It  is 
not  yet  known  whether  the  analysis  of  crack  tip  strains  is  influenced  by 
the  meandering  of  the  crack.  For  a crack  propagated  in  wet  air,  meandering 
is  much  less  prevalent.  This  characteristic  of  crack  propagation  is  be- 
lieved to  be  inherent  in  fatigue  crack  propagation  for  this  material  in  the 
8 < AK  < 12  JiN/m*/-  range,  R = 0.05,  but  this  point  is  still  under  investi- 
gation. Some  preliminary  observations  indicate  that  the  amount  of 
meandering  may  be  dependent  on  loading  frequency. 


The  displacement  map  for  crack  propagation  in  the  wet  environment 
is  shown  in  Fig.  5. 


In  order  to  compute  strains  from  the  displacement  measurements  shown 
(s.  3 and  5,  it  is  necessary  to 


smooth  the  displacement  data  to  compensate  for 
photogrammet r ic  measurement  inaccuracies 


fit  curves  to  the  resulting  data,  taking  the  slope  at 
the  coordinate  of  interest  to  obtain  the  strain. 


The  details  of  how  this  is  done  may  be  found  in  Ref.  3.  In  addition 
to  the  normal  strains  exx  and  cyy,  and  the  shear  strain  VXy  « eXy  + CyX, 
the  maximum  principal  strain  ejj',  the  minimum  principal  strain  c 22» and 
maximum  shear  strain  ymax*  and  their  directions,  may  also  be  computed. 
Figures  6 and  7 present  the  Mohr's  strain  circles  for  cracks  propagated 
in  the  wet  and  dry  environments,  respectively.  Although  these  figures 
are  complex,  all  the  information  which  can  be  derived  at  each  point  is 
found  in  each  Mohr's  circle  representation.  Figure  8 explains  how  to 
read  the  Mohr's  circle  information  in  Figs.  6 and  7.  Since  the  diameter 
of  the  circle  at  each  point  is  a measurement  of  '(max*  the  distribution 
of  this  quantity  can  be  directly  assessed  from  the  figures. 


Detailed  comparisons  of  the  normal  strains  and  the  maximum  shear 
strain  as  a function  of  environment  are  given  in  Figs.  9 through  14. 

These  figures  present  normal  strain  data  in  a form  more  readily  assim- 
ilable than  the  Mohr's  circles,  and  allow  a direct  demonstration  of  the 
environmental  effect.  The  maximum  normal  strain  in  the  loading  direction 
is  lowered  from  nearly  12%  to  6%  by  the  environment  (Fig.  9),  and  Fig.  10 
shows  a similar  reduction  for  >max.  Figures  11  and  12  show  that  £XX  and 
>max  decrease  very  rapidly  with  increasing  distance  ahead  of  the  crack 
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Figure  5.  Displacement  diagram  upon  going  from  K = 2 MN/m  / to  K 
13  MN/m3/2.  The  area  shown  is  the  same  as  in  Fig.  4. 
Loading  was  along  + x.  Compare  with  Fig.  3a. 
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Figure  6b.  Strain  diagram,  dry  environment,  derived  from  the 
displacements  in  Fig.  3b. 
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Figure  8.  Mohr's  strain  circle.  The  points  (exx,  _Yxy/2)  and  (tyy, 

YXy/2)  define  the  diameter  of  the  circle,  and  its  center  is 
at  em  - (exx  + cyy)/2,  Yxy  = 0.  The  circle  intercepts  along 
the  horizontal  axis  (Yxy  * 0),  are  the  principal  strains, 
cji  and  t22»  al°n8  which  y m 0.  The  angle  20  corresponds 
to  the  angle  0 between  the  x,  y coordinates  and  the  directions 
of  principal  strain.  On  Figs.  6 and  7,  20  is  shown  as  the 
arc  from  the  maximum  principal  strain  (the  undrawn  horizontal 
axis)  to  the  x-axis  (drawn).  See  Refs.  3 and  4 for  more  de- 
tail on  Mohr's  circle  construction. 
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tip.  Figure  13  shows  a rather  remarkable  difference  in  behavior  of  the 
normal  strain  in  the  plane  of  the  crack,  Eyy,  due  to  environment.  There 
is  considerable  oscillation  for  the  crack  tip  excluding  water  vapor,  but 
for  both  environments,  the  maximum  value  of  Cyy  occurs  slightly  ahead  of 
the  actual  crack  tip,  with  the  maximum  magnitude  for  the  dry  environment 
being  about  four  times  that  for  the  wet  environment.  The  decrease  in  Cyy 
along  the  loading  direction  also  occurs  rapidly,  and  is  not  much  affected 
by  environment.  Fig.  14.  It  is  not  presently  known  whether  the  oscil- 
lations in  the  -x  direction  for  the  dry  environment  strains  are  of 
consequence. 

Crack  Tip  Opening  Loads 

The  stereoimaging  technique,  together  with  the  SEM  loading  stage, 
allows  the  relationship  between  crack  tip  opening  and  load  to  be  readily 
determined.  For  a crack  propagated  at  AK  = 8 MN/m3/2f  at  a loading  fre- 
quency of  0.03  Hz,  the  distance  behind  the  crack  tip  where  the  crack  is 
open  vs.  the  applied  stress  intensity  is  shown  in  Fig.  15  for  both  the 
wet  and  dry  environments.  The  main  difference  is  that  there  is  a large 
hysteresis  for  the  dry  environment  and  virtually  none  for  the  wet.  Note 
that  for  neither  case  is  the  crack  open  to  the  crack  tip  until  full  load 
has  been  applied. 

Crack  Tip  Material  Displacements  for  the  Unloaded  Crack 

By  photographing  the  specimen  ahead  of  the  fatigue  crack  and  again 
after  propagating  the  crack  into  that  region,  the  material  displacements 
due  to  the  presence  of  the  crack  may  be  examined.  It  is  by  this  com- 
parison that  the  concept  of  a "clamping  stress"  on  the  crack  tip  may  be 
examined.  Such  an  experiment  has  been  performed  for  both  the  wet  and 
dry  environments,  and  the  displacements  have  been  measured.  Diagrams 
of  these  displacements  are  shown  in  Figs.  16  and  17.  For  both  environ- 
ments, the  displacements  which  result  from  the  presence  of  the  crack 
have  been  in  the  opposite  direction  to  the  displacements  which  result 
when  the  crack  is  loaded;  thus,  these  displacements  are  indicative  of  a 
"clamping  strain"  in  the  crack  tip  region.  We  are  exercising  caution 
in  the  interpretation  of  these  results  because  of  the  possibility  of 
some  other  logical  explanation,  but  at  this  time,  the  "clamping  strain" 
concept  appears  to  be  valid. 

As  was  predicted  might  be  the  case  in  last  year’s  report,  the 
"clamping  displacements"  for  the  wet  environment  are  smaller  than  those 
for  the  dry  environment.  This  information  appears  to  correlate  well 
with  the  crack  opening  information  in  Fig.  15.  Derivation  of  strains 
from  the  displacement  data  has  not  yet  been  done,  but  the  strains  will 
be  considerably  larger  for  the  dry  environment  case  than  for  the  wet 
environment  because  of  the  larger  displacement  gradients  which  are  evident 
In  Fig.  16.  Further  derivation  of  information  from  these  results  must 
await  detailed  analysis  of  the  displacement  data. 
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FIGURE  15.  The  distance  in  pm  behind  the  crack  tip  for  which  the 

crack  is  open  vs  K for  both  dry  and  100%  RH  environments 
Although  actual  data  is  plotted,  a sufficient  number  of 
crack  tips  have  been  examined  for  this  behavior  to  be 
considered  as  "typical."  This  figure  is  for  cracks 
grown  at  a frequency  of  0.03  Hz,  and  there  is  evidence 
that  the  behavior  shown  is  altered  by  changes  in  loading 
frequency. 


Displacement  diagram  for  uncracked  vs  unloaded  crack,  dry 
nitrogen  environment,  0.03  Hz  loading  frequency. 


DISPLACEMENT 

Figure  16b.  Displacement  diagram  within  the  rectangular  area  shown  in 
Fig.  16a. 
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Frequency  Effects 

Because  the  effect  of  environment  is  expected  to  be  exposure 
dependent, (5)  both  frequency  of  load  application  and  relative  humidity, 
or  partial  pressure  of  water  vapor,  are  expected  to  be  important.  But 
because  body-centered  cubic  materials  are  known  to  be  strain-rate  sen- 
sitive, there  may  be  a coupling  between  loading  frequency  and  material 
properties,  which  are  dependent  on  the  thermal  activation  of  dislocations, 
as  well  as  between  frequency  and  exposure  to  environment.  Thus,  some 
results  are  being  obtained  for  crack  propagation  in  both  wet  and  dry 
environments  as  a function  of  loading  frequency.  The  effect  of  loading 
frequency  on  crack  growth  in  both  environments  is  shown  in  Fig.  18. 

From  these  data  two  points  are  clear: 

1)  In  dry  nitrogen,  there  is  an  effect  of  loading  frequency 
on  the  rate  of  crack  growth. 

2)  In  100%  RH,  the  crack  growth  rate  is  greater  than  in 
dry  nitrogen. 

What  is  not  clear  is  the  exact  amounts  of  these  results  for  the 
100%  RH  environment;  thus,  two  lines  are  shown:  the  solid  line  is  a 
least  squares  fit  for  all  the  data,  and  the  dotted  line  is  a best  fit 
for  the  data  below  1 Hz.  Further  work  on  this  point  is  necessary  to 
better  quantify  these  effects,  but  it  does  appear  as  though  care  must 
be  taken  to  determine  just  what  is  an  environmental  effect  and  what  is 
a rate  effect. 


Correlation  of  Present  and  Previous  Results 


The  relationship  between  subgrain  size  and  energy  expended  per 
cycle  was  established  and  presented  in  the  1977  Interim  Report  as 

W * W d“m  (1) 

c co 

where  Wcq  *3+1  J/m^,  d(pm),  m = 1 + 0.1. 

The  relationship  between  subgrain  size  and  cyclic  stress  range  was 
established  and  presented  in  the  1978  Interim  Report  as 

Ao  = C*  d"n  (2) 

where  = 2.25  Oy,  Oy  * 218  MN/m^/^  (the  yield  stress),  d(um),  n = .262. 


Combining  these  two  relations  with  a calculation  of  the  energy  per 
cycle  from  measurement  of  the  hysteresis  loop 

W = fAoAe  (3) 

c p 

where  Aep  ■ plastic  strain  range,  f ■ the  fraction  of  the  product  of 
AoAep  actually  traced  out  by  the  hysteresis  loop  gives 


d-(m-n) 


(4) 


The  effect  of  loading  frequency  on  rate  of  crack  propagation. 
The  dotted  line  is  an  alternative  explanation  to  the  least 
squares  fit. 
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which,  using  the  experimentally  derived  values  of  the  constants,  and 
f * 0.7  gives 

a a -»  in-3  ,“0.  738  + 0.1 
Ac  * 8.7  x 10  d — 

P 

Similarly  a cyclic  stress-strain  curve  can  be  derived  using  these 
relations.  The  general  form  of  this  equation  is(7) 

Ae_  N 


Ao  ■ K"o  (— ) (6 

y 2 

where  K'  is  an  experimentally  determined  constant,  and  N is  a coefficient 
of  work  hardening. 

Combining  Eqs.  (2)  and  (4)  gives 


fC,  Ae  -K- 

= ci(2  w1  Y>m'n 

co 


which  is  of  the  same  form  as  Eq.  (6). 

Substituting  values  for  the  constants  in  Eq.  (7)  gives 


Ao  * 12  oy(— 


0.36  + 0.05 


The  derived  value  of  N is  in  good  agreement  with  other  results. 
Rice  and  Rosengren^®^  concluded  that  for  power  law  hardening  materials, 
with  work  hardening  coefficient  N, 


For  the  value  of  N derived  in  Eq.  (8),  these  coefficients  are: 


(stress)  * 0.24 


(strain)  * 0.76 


For  annealed  iron,  Landgraf^)  found  N * 0.24  + 0.04  which  approximates 
the  0.36  + 0.05  of  Eq.  (8).  The  stress  range  exponent  of  0.262  (Eq.  (2)) 
is  very  close  to  the  theoretical  value  of  0.24,  and  the  strain  range 
coefficient  of  0.74  + 0.1  is  also  approximately  equivalent  to  the  0.76 
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derived  from  power  law  hardening.  The  only  serious  Inconsistency  rises 
In  the  comparison  of  the  derived  value  of  K'  of  Eq.  (6),  which  differs 
by  a factor  of  3.5  from  that  experimentally  found  by  Landgraf.  In 
summary,  the  relationship  between  subgrain  size  and  stress  given  in 
Eq.  (2)  appears  to  be  well  justified  by  other  experimental  data  and  by 
theoretical  analysis  which  includes  work  hardening. 

The  derived  stress  range  and  strain  range  distributions,  Eqs.  (2) 
and  (4),  have  the  same  functional  dependence  and  roughly  the  same  slopes 
as  the  analytical  theory  of  Rice  and  Rosengren  for  a non-cyclicly  loaded 
crack  for  distances  several  micrometers  from  the  crack  tip.  Near  the 
crack  tip,  however,  the  theoretical  results  predict  stress  and  strain 
singularities,  while  the  experimental  results  are  bounded.  The  finite 
element  work  of  Levy,  et  al, (9)  also  for  a non-cyclicly  loaded  crack, 
conversely,  does  indicate  a limiting  stress  at  the  crack  tip  of  3 oy, 
(for  the  non-strain  hardening  case)  which  is  roughly  comparable  to  the 
experimental  value  of  2.25  oy.  The  shape  of  plastic  zone,  discussed 
more  completely  in  Ref.  1,  Is  very  similar  to  that  determined  by  Levy, 
et  al  (their  Fig.  4),  except  that  their  values  of  plastic  zone  size  are 
about  a factor  of  3 larger  than  the  measured  subgrain  forming  region. 
TraceydO)  has  also  calculated  the  stress  distribution  for  a non-cyclicly 
loaded  crack  using  the  finite  element  method,  but  for  a work  hardening 
material.  For  N = 0.3,  Tracy  obtains  a maximum  value  of  stress  at  the 
crack  tip  of  5 Oy.  All  of  the  finite  element  analyses  assume  unbounded 
distributions  of  stress  and  strain  given  by  Eqs.  (9)  and  (10). 

Strain  Range  Determination 

Derivation  of  the  strain  range  from  subgrain  size,  Eq.  (5),  has 
several  embedded  assumptions,  which  can  be  examined  by  using  the  stereo- 
imaging technique.  Subgrain  formation  is  thought  to  be  related  to  Ymax» 
so  it  is  this  quantity  which  was  used  to  derive  values  of  the  constants 
in  Eq.  (11),  which  has  the  same  form  as  Eq.  (4): 


Ac 

P 


E 

(A  + Br)m 


(ID 


where  m = . 738  from  Eq.  (5)  and  B = 0.15^.  Table  I gives  the  derived 
constants  in  the  equation,  an<*  the  extrapolated  dimension  of  the 

subgrain  forming  region  (r^) . 


TABLE  I 


Environment 

A 

E 

Y 

max 

1'' 

(urn) 

Dry  nitrogen 

0.09 

0.111 

0.203 

170 

Wet  air 

0-53 

0.078 

0.124 

104 

, 
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The  derived  values  of  A (the  subgrain  dimension  at  the  crack  plane) 
agree  well  with  those  measured  by  channeling  contrast,  as  do  the  extrapo- 
lated values  of  r^.  The  derived  value  of  E,  however,  differs  from  that 
determined  in  Eq.  (5)  by  about  a factor  of  10. 

In  summary,  the  form  of  the  equation  for  Aep  derived  from  subgrain 
size  measurements  agrees  very  well  with  that  derived  from  direct  measure- 
ment of  the  crack  tip  plastic  strain  by  stereoimaging.  Subgrain  size 
distribution  derived  using  the  latter  technique  also  agrees  well  with 
the  measured  subgrain  size  distribution. 

Summary  and  Conclusions 

Preliminary  results,  as  determined  by  a new  technique  for 
determining  crack  tip  strains,  indicates  that 

The  strain  distribution  near  a fatigue  crack  is  described 
well  by  function 


Ac  = 

P (A  + Br)m 

where  A is  related  to  the  subgrain  size  at  the  crack  tip, 

B is  the  slope  of  the  change  in  subgrain  size  with  distance, 
r,  from  the  crack  tip,  m * 0.74,  and  E is  related  to  the 
maximum  shear  strain,  Ymax,  experienced  by  the  material  at 
the  crack  tip.  This  function  is  the  same  as  determined  pre- 
viously from  the  subgrain  distribution  as  observed  by 
backscattered  electron  imaging. 

The  stress  range  distribution,  as  determined  from  subgrain  size 
measurements,  is  consistant  with  the  above  result,  and  other 
results  as  well. 

A water  vapor  environment  lowers  the  strain  range,  Aep,  which 
material  at  the  crack  tip  can  support. 

The  lower  strain  range  resulting  from  the  presence  of  water  vapor 
could  be  caused  by  a number  of  changes  in  material  properties; 
which  is  actually  the  cause  has  not  yet  been  determined.  Hydrogen 
is  thought  to  be  the  environmental  specie  which  is  responsible  for 
the  changes. 

Crack  growth  rate  is  shown  to  be  both  loading  frequency  and 
environment  sensitive;  thus,  to  completely  understand  the  effect 
of  environment,  it  will  be  necessary  to  eliminate  the  changes 
due  to  loading  rate. 

Preliminary  results  indicate  that  the  "clamping  strain"  for  the 
crack  tip  in  the  unloaded  state  is  decreased  by  the  pressure  of 
water  vapor.  The  hysteresis  in  crack  tip  opening  is  similarly 
affected. 
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